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RELATION OF NOZZILE-BLADE AND TURBINE-BUCKET
TEMPERATURES TO GAS TEMPERATURES IN A
TURBOJET ENGINE

By J. Elmo Farmer

SUMMARY

An investigation was conducted to determine experimentally
turbine-nozzle-blade snd turbine-bucket temperatures in s turbojet
englne and to correlate these temperatures with the gas tempera-
tures. Data werse obtalned over the normal range of engine speed.s
and with two taill-pipe-nozzle aresas.

In general, the material temperature increased wlith increase
In engine speed over the normal speed range of the englne. Maximum
indicated temperatures were about 1900° F for the nozzle blade and
1500© F for the turbine bucket. Pronounced temperature gradients
were found to exist along both the nozzle hlade and the turbine
bucket; these gradilents varled both with rotor speed and with ges
temperature. The maximum turbine-nozzle-blade temperature was
80° to 270° F higher than the calculated average turbine-inlet-
gas temperature; the maximm turbine-bucket temperature was about
150° F less than the calculated average turbilne-inlet-gas tempera-
ture. The maximum temperature reached by the turbine bucket during
a normal engine start was lower than the temperature of the bucket
during engine operation at maximum rated conditions.

INTRODUCTION

In order to evaluate properly the high-temperature alloys to
be used in gas turbines, the temperature at which the materials
will opsrate must be known. Data were therefore obtalned at the
NACA Cleveland laboratory to determine the temperature level and
the temperature dlstribution in the turblne-nozzle blades and in
the turbine buckets of a turbolet engine., These datae also provide
a basis for correlating turbine-bucket tempersatures with gas tem-
peratures; such a correlation will be helpful in predicting
turbine-bucket operating temperatures in future engine designs.
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Turbine~-nozzle-blade and turblne-bucket temperatures were obtalned
for steady-state conditions over the normal range of engine oper-
ating speeds. The turbine-bucket and tall-plpe gas temperatures
were also obtained during the interval in which the englne was
being started. '

The determinatlon of turbine-bucket temperatures presents a
difficult problem because of the high rotational speeds involved.
A survey was made of the methods used by previous investigators to
determine the temperatures of machine parts having high rotational
speeds, The following methods were found to have been used with
varying degrees of success:

1. Chemical paints that change color with temperature (refer-
ences 1 and 2) :

2. Fusible plugs that melt at different temperatures (refer-
ence 1)

3. Plugs of an sge-hardenable steel, the hardening helng a
function of time and tempersture (used by Army Air Forces)

4, Radiation pyrometers (references 1 and 3)

5. Electromotlive force from thermocouples transmitted by
induction (reference 4)

6. Electromotlive force from thermocouples transmitted through
chromel-alumel slip rings and brushes (reference 5)

7. Electromotive force from thermocouples transmitted through
copper slip rings and brushes (reference 6)

The method of Fleissner and Viebmann (reference 6) was used
to obtaln these date, A thermocouple embedded in a material is a
generally reliable means of measuring the temperature of the
meterial., Copper brushes and slip rings were used because they
generate no parasitic electromotive forces t¢ interfere wilth the
electromotive force generated by the thermocouple.

APPARATUS AND PROCEDURE

A turbojet engline having & dual-entry centrifugel compressor,
a combustion~chamber assembly consisting of 14 individual burners,
and a single-stage turblne having & rated speed of 11,500 rpm was
used. The turbine disk was of an alloy having a nominal compoei-
tion of 16 Cr, 25 Ni, 6 Mo, and 0.15 C, with the balance principally
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iron. The turbine-nozzle blades were AISI 347 stalnless steel, and
the turbine buckets were of an alloy of the followlng nominal com-
position: 62 Co, 28 Cr, 5.5 Mo, and 0.25 C. The englne was mounted
on s sea-level pendulum-type test stand as shown in figure 1. It
was operated on AN-F-32 fuel.

Turbine rotor speed was measursed by a chronometric itachometer.
Figure 2 shows the location of the thermocouples uged to measure
the tail-pipe gas temperature and the adjusteble (variable-area)
nozzle used to control the gas temperature. All of the itall-plpe °
Ras temperatures were obtalned by the 14 thermocouples at station 2
except for the date obtalned during the starting interval at the
begimming of run 2 when the four thermocouples et statlon 1 were
used.

The turbine-inlet-gas totel temperature had to be known to
determine the relation of materlal temperature to gas temmperature.
Becauge gas-temperature data taken with thermocouples in the burmer
outlet are generally unreliable, the average turbine-inlet-gas
total tempersture was computed from the measured tall-pipe-gas tem-
perature and the measured temperature rlse across the compressor,
as shown in appendix A,

Two runs were made with different locations of the theriio-
couples on the turbine-nozzle blades and the turbine buckevs and with
different tail-pipe-nozzle areas. Because of the type of taill-
plpe nozzle nsed, the area of the nozzle was not determined. The
following method of designating the nozzle areas will be used to
simplify the dlscussion and the figures:

In run 1, the variahle-area tall-plpe nmozZzle was adjusted to
give an indicated gas total temperature in the tall pipe of 1145° F
at a rotor speed of 11,500 rpm. Thls setting was held constant
throughout run 1 and will herelnafter be deslignated the large tall-
'pilpe nozzle. '

In run 2, the varlable-area tall-plpe nozzle was adJusted to
give an indicated gas total temperature in the tail pipe of 1320° F
at a rotor speed of 11,500 rpm. This nozzle setting was held constant
throughout run 2 and wlll hereinafter be designated the small tall-
pipe nozzle. _ "

The maximm lndlcated tall-pipe-gas temperature allowed by the
%rmybAif Forces during a ground check at 11,500 rpm is 1328° F
720 C).
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The locatlions of the thermocouples installed on the nozzle
blade and on the turbine bucket for run 1l are shown in figure 3,
In run 1, chromel-alumel thermocouples were spot-welded to the
leading and tralling edges of the nozzle blade on the center line

of the top burner. The thermocouples were located 2l Inches above

the hase. Examination of mwrevious nozzle-dlaphragm failures showed
that blades cracked more frequently at that location, The lead
wires were shlelded by & small tube and attached to the leading
and tralling sdges of the blade,

The locatlon of the thermocouples lnstalled on the nozzle
blades and on the turbine bucket for run 2 is shown in figure 4(a).
In run 2, four chromel-slumel thermocouples were embedded in the
leading edge of each of three nozzle blades at the outlet of the
top burner. The lead wlres were brought out through drilled
passages 1n the nozzle blades so that no protrusions disturbed
the ges flow over the nozzle blades. The position of the instru-
mented nozzle blades with respect to the burner cutlet ias shown
in.figure 4(b)}. Chromel-alumel thermocouples were spot-welded to
the convex side of the turbine bucket for both runs ln the mannsr
gshown in figure 5. :

Durling the starting Interval at the beglnning of run 2, a
photographic record was made of the instruments indicating the
rotor speed, the gas temperature at the exhaust-cone outlet

(station 1, fig. 2), and the turbilne-bucket temperature Zi inches
above the root,

In order to install the thermocouple slip rings cn a cool . .
part of the engine, holes were drilled through the turbine wheel,
the shaft, and the compressor rotor. These alterations allowed
the slip rings to be installed on the accessory case, where they
wore cool and readily accessible.

The slip-ring assembly (fig. 6) consisted of 12 copper rings
on a shaft driven by the engine at rotor speed. The brushes, alsoc
of copper, were so plvoted that a solenoid could pull them into
contact with the slip rings. This arrangement decreased the brush
weay as the brushes were kept in contact with the slip rings only
while reedings were being taken. The brush pressure during the
contact period wds adjusted to approximately 40 pounds per square
inch. On the end of the assembly was a uniform-{temperature bhox,
which housed the Junctlons between the thermocouple lead wires
and the copper wires that led to the slip rings, as Indicated

698 |
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schematlically in figure 7. Steam slightly above atmospheric pres-

sure was supplled to the box to malntain the Junctions at a uniform
temperature. This arrangement allows remote operatlion of the brushes
and transfers the effective cold Junction to the potentiometer.

Before ingstallation of the assembly on the engine, an investi-
gatlon was conducted on a bench setup to determine the errors intro-
duced by the slip rings. The errors were determined by impressing
a voltage egulvalent to that produced by & chromel-alumel thermo-
couple indicating a temperature of 2000° ¥ on & circuit that was
completed through the slip rings at several speeds within the range
of engine operation. Comparison of the input and output voltages
indicated a maximm error of 0.3 percent.

In run 1, data were obtained at rotor speeds of approximately
4000, 6000, 8000, 10,000, and 11,500 rpm. In the second rum,
turbine~-bucket-temperature data were taken only at 1G,000, 11,000,
and 11,500 rpm in order to reduce over-all deterioration of the
thermocouple installation.

RESULTS AND DISCUSSION

Bagic data. - The baslc data taken during the investigation
are presented in figure 8 for the turbine-nozzle blades and in
figure 9 for the turbine buckets. The calculated turbine-inlet-
gas total temperature is plotted in both figures and the indicated
tail-pipe-~gas total tempersture 1s shown in figure 9.

The data in figure 8(a) indicate that near the maximm rotor
speed there 1s a temperature difference between the leading and
trailing edges of the nozzle blade of about 40° F. Also, over the
entire range of engine operation the material temperature near the
middle of the blade is higher than the calculated turbine-inlet-gas
total temperature, the difference being greater at the higher rotor
ganeeds. In flgure 8('b), the curves have been falred through date
obtained at four points on the leadlng edge of the nozzle blade on
the center line of the top burmer. At maximum rotor speed (approx-
imately 11,500 rpm), the data from the thermocouple located 1/2 and

l%' inches above the base seemed to be lncompatibly low, and sc these
points were disregarded in falring in the curves. The nozzle blade

regches a maximum temperature of about 1900° F near the middle of.
the blade. Figure 8(c) presents the data from thermocouples in the

leading edge 2% inckes above the base of three nozzle blades at the

outlet of burner l. The blade in the center is at a higher temper-
ature over the entire range of rotor speeds.
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The variation of the turbine-bucket temperature during run 1
over the normal range of rotor speeds is shown in figure 9(a)}. Also
shown are the calculated bturblne-inlet-gas total temperature and +the
indicated tall-plpe~-gas total temperature.

Figure 9(b) presents similar data obtalned in rwm 2. The data
were obtained only at high rotor speeds. The turblne bucket reached
a maximum temperature of about 1500° F near the middle of the bucket.

The data for the point 3% inches above the base at & rotor speed of

10,000 rpm are apparently erroneous and cause the shape of that
curve to be qulte dlfferent from the others., The data presented in
figure 9(a) are believed to be more nearly typlcal.

The genersl trend is for nozzle-blade and turbine-bucket tem-~
peratures to increase with rotor speed over the normal speed range.
An exception to this gemeralization of varlation Iin temperature wilth
change 1ln englne speed occurs at low speeds at which the enriched
fuel-alyr ratio increases the gas temperature. Thlis enrichment
causes the material temperatures to be as high at 4000 as at
10,000 rpm (except for fig. 8(a)).

Turblne-nozzle-blade temperature dlstribution. - The tempera-~
ture distribution exlisting in the turbine-nozzle blades is shown in
flgure 10 as a functlon of thermocouple locatlon and rotor speed.
This flgure is a cross plot of data from figure 8(b). These curves
show that the temperature gradlent along the blade ls a smooth curve
and that the magnitude of the gradlent increases with increasing gas
temperature as the rotor speed is lncreased. 4 meximum indicated
temperature of about 1930° F is reached at 11,500 rpm in about the
center of the blade. At the same englne conditliona the temperature
at the tip of the blade 1s about 1380° F; the average temperature
gradient between the center and the tip is about 220° F per inch.
The peak temperature is shifted “.owards the base of the blade as
rotor speed is increased and the ilfference between blade-base tem-
perature and blade-tip temperature increased conslderably as rotor
speed is increased. The shift in the temperature peak may be due
to the angle at which the burmer is set with respect to the nozzle
blades and to the asymmetrical shape of the burnmer outlet,

The nozzle-blade temperature as a functlon of the blade posli-
tlon with respect to the burmer outlet 1s shown in figure 1ll. This
figure is a cross plot of the data from figure 8(c). The data are
from thermocouples in the leading edge 2% inches above the hlade bage,

The temperature distribution indicates that the maxlimm gas temper-
atures are near the center of the burner outlet, as would be
oexpected from the deslgn of the burmer.

698
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Turbine-bucket-temperature distribution. - The temperature
distribution radially along the turbine bucket as a function of
rotor speed 1s shown in figure 12, which is a cross plot of data from
figure 9.

The -method of atteching the thermocouple Junctions to the tur-
bine bucket may have disturbed the gas flow sufficlently to alter
the temperature of the bucket. At present, no means are available
for evaluating the effect of the disturbance in gas flow on the
temperature of the material.

The indicated temperature distribution slong the turblne bucket

is similar to that of the turbine-nozzle blads. A change in the
temperature level of the englne affects both the magnitude of the
temperature gradients and the magnitude of the peak temperature.
The same shift in the peak temperature and increase in biade-base
temperature can be seen as in the nozzle blade and is probably due
to the positlion and shape of the burner outlet. The 10,000-rpm
curve in figure 12(b) is dotted over the outer half of the bucket
because the datum polnt shown in figure 9(b) is believed to be in
error,

Tempersture dlstribution of gas at burmer-outlet, - The resulis
of a mgas-temperature survey made at the outlet of the Ltop burner
are given in flgure 13. The data plotted are indlcated temperatures
obtained wlth three bare chromel-slumel thermocouple probes. All
three of the probes could not be operated simultanecusly; therefore
a survey was made wlth each probe whlle the engine operating condl-
tions were held as constant as posslble. The location of the probes
was not entirely satlsfactory, and the bare thermocouples are
undoubtedly.subject to radlation errora. The figure does, however,
gshow that the hottest gas ls at the center of the burner. The
highest temperature measured was 2175° F at a speed of 11,500 rpm
(fig. 13(c)). The temperatures at the top of the burmer are gen-
erally lower than at the bottom. Thls fact may account for the low
meterial temperatures at the tip of the nozzle blades and the tur-
bine buckets. The temperature distributlon in nozzle blades and
turbine buckets is probably the result of the temperature gradlent
in the gas issulng from the burner plus some cooling due to the
heat transfer through the hlade base and the bucket roots.

Turbine-bucket temperatures during starting, - Figure 14 shows
the relation between-engine speed end indlcated tail-pipe-gas total
temperatures during a typlcal starting operation (run 2). The exact
ghapes of curves such as these are dependent upon the manipulstion
of the throttle during the starting period.
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The maximum indlceted tail-plpe-gas total temperature at the
exhaust-cone outlet (statlion 1, fig. 2) is 1500° F. The turbine-
bucket temperature lags a little behind the gas temperature and
reaches a maximum of 1370° F about 7 seconds after the gas temper-
ature reached a peak., During this start, the temperature of the
turbine-bucket meterial increased Ffrom 200° to 1370° F in 27 sec-
onde, or at the rate of 43° F per second. These conditions are
qulte severe and Indicate that any materials that are to be used
in gas turbines will need high resistance to thermal shock. Theae
data indicate that during a rnormal engine start the maximm tem-
perature reached by the turbine bucket is about 100° F leas than
when the bucket is operating at meximum rated engine condltions.

Relation of materisl and gag temveratures. - The nozzle-blade
temperature ls plotted as a function of the caliculated turblne-
inlet-gas total temperature in flgure 15. The curves were deter-
mined by using a method of least squares. The curves have slopes

varying from 0.90 for the polnt 2l inches above the base to 1.32

for the point 1/2 inch above the base. The differences between
individual curves are caused by temperature gradients exlsting
along a glven blade or from blede to blade. The maximm nozzle-
blade temperaturs 18 from 80° to 270° F higher than the calculated
average turbine-inlet-gas total temperature.

Similar data for the turbine bucket (Ffig. 16) show that the
turbine-bucket temperature ls 1in all cases below the turbine-inlet-
gas totel temperature and that the differences between the various
bucket temperatures and the gas temperature are nearly constant
wilth changing gas temperature. The slope of the curves vary from
about 0,92 to 0.97. The curve was not drawn through the date from

3% inches above the base because the data was in error, as previously

explained. The maximm turbine-bucket temperature i s about 150° P
less than the calculated turbine-lnlet-gas total temperature.

SUMMARY OF RESULTS

An investigation of the material temperatures in the nozzle
blades and the turbine buckets of a turhojet engine gave the
followlng results:

1. The materiasl temperatures increased, In general, with
increase in rotor speed within the normal speed range of the engine.
Maximun indicated temperatures were about 1900° F for the nozzle
blade and 1500° F for the turbine bucket.



NACA EM No. E7Ll2 8

2. Pronounced temperature gradients existed in both the mnozzle
blade and the turbine bucket. These gradients varied with rotor
gpeed. and with gas temperature.

3. Nozzle-blede temperstures were generally higher than the
calculated turbine<lnlet-gas total temperature. The maximum nozzle-
blade temperature was 80° to 270° F higher than the calculated
turbine-inlet-gas total temperature. The turbine-bucket temperatures
were well below the calculated turbine-inlet-gas total temperature,
The maximum turblne-bucket temperature was about 150° F less than
the calculated turbline-lnlet-gas total temperature.

4, During the sgtarting interval of the englne, the turbine-
bucket temperature followed the talil-pipe gas temperature closely,
with some time lag in evldence. The maximum turbine-bucket tem-
perature during a normal engine start was about 100° F lower than
that when the engine was operated at maximum rated engine
conditicnse. :

¥Flight Propulsion Research Iaboratory,
National Advisory Commlittee for Aeronautlces,
Cleveland, Ohlo.
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APPENDIX A ~ CAICULATION OF TURBINE-INLET-GAS TOTAL TEMPERATURE
Symbols
The followlng symbols are used in the calculation:
specific heat at constant pressure in compressor, Btu/(1b)(°F)
cp,t Specific heat at constant pressure in turbine, Btu/(1b) (°F)
hp, compressor horsepower
hpt turbine power
P total pressure, 1lb/aq ft absolute
P static pressure, lb/sq £t absolute
To turbine-inlet-gas total temperature, °R
Ty tail-pipe-gas total temperature, °R
Ty 4 indicated tail-pipe gas temperature, °R
ty tall-pipe-gas static temperature, OR
campressor temperature rise, Op

AT, turbine temperature drop, °F

W, alr flow, 1b/sec
Wy  gas flow, 1b/asec
7 ratio of apecific heats of gases

Method of Calculation

Unpublished date obtained at the NACA Cleveland laboratory on
a cold callbration of & sample thermocouple of the type used at ailr
speeds up to a.Mach number of about 0.8 showed that the thermocouple
measured the statlc temperature plus approximately 76 percent of the
adiabatic temperature rise caused by the impact of the air on the
thermocouple. Statlic temperature +t4 was determined by application
of thls factor to observed values of temperature and pressure in the
followling manner:
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T

E 1 A
1,48

2=%
7
1+ 0.76 (E) -
D

The total. temperature T, was determined from

Ty =

\ ¥
) ="

P
1+ 0.76 (p

2=1

=1 P\ 7?7
T1.4(;
:4\T )

z=1

g

-1

S’
~

It was assumed that the power devéloped. by the turbine was
equal to that requlred by the compressor:

778 778
hp, = =55 cp,GATcWa = hpy = =5 cp,tATth

and that the welght of hot gas through the turbine was eq_ual to
the welght of air through the compressor:

CP’GATG = c‘_p,'ﬁATt

Therefore

c
AT, = AT, —E2
p,%

The turbine-inlet-gas total temperature Tz 1is the sum of the tail-
Plpe-gas total tempersture and the temperature drop in the turbine:

= T4 + ATt
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Figure |. — Turbojet engine mounted on sea-level pendulum-—type test
stand.
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Figure 3. — Location of thermocouples on leading and trailing edges of
turbine-nozzle blade (on center line of top burner) and on convex
side of turbine bucket during run |I.
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Figure 6. — Themmocouple slip-ring assembly used in measuring turblne-bucket temperatures.
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